Abstract Nephrotic syndrome (NS) is a clinical condition with a high degree of morbidity and mortality, caused by failure of the glomerular filtration barrier, resulting in massive proteinuria. Our current diagnostic, prognostic and therapeutic decisions in NS are largely based upon clinical or histological patterns such as "focal segmental glomerulosclerosis" or "steroid sensitive". Yet these descriptive classifications lack the precision to explain the physiologic origins and clinical heterogeneity observed in this syndrome. A more precise definition of NS is required to identify mechanisms of disease and capture various clinical trajectories. An integrative genomics approach to NS applies bioinformatics and computational methods to comprehensive experimental, molecular and clinical data for holistic disease definition. A unique aspect is analysis of data together to discover NS-associated molecules, pathways, and networks. Integrating multidimensional datasets from the outset highlights how molecular lesions impact the entire individual. Data sets integrated range from genetic variation to gene expression, to histologic changes, to progression of chronic kidney disease (CKD). This review will introduce the tenets of integrative genomics and suggest how it can increase our understanding of NS from molecular and pathophysiological perspectives. A diverse group of genome-scale experiments are presented that have sought to define molecular signatures of NS. Finally, the Nephrotic Syndrome Study Network (NEPTUNE) will be introduced as an international, prospective cohort study of patients with NS that utilizes an integrated systems genomics approach from the outset. A major NEPTUNE goal is to achieve comprehensive disease definition from a genomics perspective and identify shared molecular drivers of disease.
The goal of this Educational Review is to describe the means by which integrative systems genomics can aid in attaining a better molecular understanding of nephrotic syndrome (NS). We will first discuss the current challenges in classifying NS and introduce the general approach of integrative genomics. We will then review studies that have already used targeted and genome-wide molecular datasets to increase our understanding of NS. We will closely examine the recent investigation of APOL1 to illustrate how diverse datasets integrated across multiple research domains can uniquely contribute to our holistic understanding of a molecular target. We will conclude by introducing a current implementation of this approach, the Nephrotic Syndrome Study Network (NEPTUNE). We will describe how its design can uniquely aid in advancing our goal of improving our molecular classification of NS.
The challenge of classifying nephrotic syndrome
Nephrotic syndrome (NS) is a clinical constellation of edema, proteinuria, hypoalbuminemia, and hyperlipidemia. The central pathology underlying this clinical syndrome is increased permeability of the glomerular filtration barrier to protein.
Descriptive studies across multiple domains have helped characterize NS in children [1] . As classified by light microscopy, the predominant forms of primary NS in children are minimal change disease (MCD) and focal segmental glomerulosclerosis (FSGS) [2] . The major clinical classifications are steroidsensitive (SSNS) versus steroid-resistant (SRNS). With these classifications, we base our current diagnostic, prognostic, and therapeutic decisions [3] . Yet, we recognize that there is significant heterogeneity concealed within these broad classifications [4] .
For example, there are subtypes within each of these clinical and histological groups (e.g. steroid-dependent NS, collapsing FSGS) as well as combinatorial classifications across groups (e.g. SRNS with MCD) [5] . The small percentage of identified contributory factors to primary NS are heterogeneous. They include rare mutations in podocyte genes [6] , immunologic perturbations as indirectly supported by a number of clinical observations [7] , or autoimmune irregularities [8] (in the case of membranous glomerulonephritis). Additional heterogeneity lies in the natural history of NS after onset [4] . Challenged by this complexity, clinicians and scientists have sought to classify NS in a way that could guide optimal clinical management.
Soon after a child's initial presentation with NS, their pediatric nephrologist would ideally have the ability to explain why the NS occurred, predict the important clinical outcomes, and execute a rational treatment strategy customized for their patient's underlying cause of disease. To achieve this, we clearly need to increase our mechanistic understanding of NS. Arguably the most promising efforts in this arena thus far have been in developing a molecular disease definition, i.e. taxonomy, of NS.
An integrative, systems genomics approach to NS
By more precisely defining the molecular mechanism of disease, we may more accurately diagnose disease, confer prognoses, and highlight abnormally functioning pathways and networks. Identifying disease-associated molecules also provides an opportunity to repurpose an existing medication or design a novel therapeutic to target a specific molecular lesion. In oncology, molecular definition of various cancers has led to improved clinical care [9] [10] [11] [12] .
In NS, classification schema based on molecular profiling is also ongoing. Some of the most high-profile subtypes thus far are monogenic forms of SRNS/FSGS [13] , and FSGS associated with apolipoprotein L1 (APOL1) risk haplotypes in those of African ancestry [14] . Molecular profiles may serve to identify subpopulations of NS that share common pathways of activation or repression. Therapeutic targeted based on these profiles may improve our ability to rationally treat these conditions. These initial discoveries motivate us all to continue to discover novel NS-associated molecules. We can move beyond studying single molecules at a time because of improvements in genomics technology and precipitous decreases in its cost. We can generate high quality, genomewide genetic, epigenetic, transcriptomic and proteomic datasets from cohorts of patients with NS. This has opened up entirely new avenues of inquiry.
The process of applying bioinformatics and computational methods to large amounts of existing experimental data across multiple dimensions is a hallmark of an integrative, systems genomics approach to biomedical research [15, 16] (Fig. 1) . This strategy attempts to contextualize molecular defects within the overall health of an individual. For patients with NS, the goal is to establish associations: (1) within their molecular datasets, and (2) between this molecular information and their comprehensive histological, biochemical, and clinical phenotypes [17] [18] [19] . An integrative genomics approach also seeks to define the molecular intermediary drivers responsible for disease onset or progression.
Analytic challenges of genome-scale data in glomerular disease
It is fair to say that the major challenge in this field has now shifted from creating genomics data to effectively analyzing it. The vast size of genome-wide data coming off so-called "next generation" sequencing machines necessitates significant computational resources to process and store the data, and experts to do this work [20] . When cataloguing genomic variants, analytic pipelines must take into account variability resulting from technological factors such as different machines being used for sequencing, batch effects, or quality of the input material [21] . Variability due to biological factors unrelated to NS, such as ancestry [22] , gender [23] or age [24] , must also be considered. Medications can also impact levels of proteins, transcripts, or metabolites [25, 26] . Finally, once a robust call set is created and is ready for association testing, the large number of hypotheses being tested must be addressed through stringent p-value thresholds or false discovery rate cutoffs [27, 28] .
In association testing for patients with NS, it is also challenging to distinguish molecular signatures of the cause of the glomerular disease versus reactive signatures of this condition. Studying molecular data of these individuals longitudinally can help with this distinction. In addition, comparing samples between different forms of NS, or from healthy controls, can delineate proximal causes of disease versus common markers of kidney damage.
Fortunately, statistical geneticists, bioinformaticians and computational biologists continue to develop quality control metrics and statistical methodologies to address these challenges [29, 30] . This is being done in the context of disease-specific and population-based cohorts. Yet, the complexity of these statistical approaches and technologies necessitates close collaboration with experts in these areas when conducting NS-specific genomics research.
We will now turn to a number of studies that are using genome-wide or targeted molecular datasets to gain a more precise molecular understanding of NS. A common theme underlying these diverse studies is their direct study of patient-derived samples. Some of these studies are defining the molecular landscape of the kidney in both health and disease. Others are identifying molecular signatures associated with particular clinical outcomes and attempting to unravel their underlying mechanisms of disease. As with all research methods, genome-scale inquiry has its strengths and its limitations, and we will discuss these.
Genetics
Historically, genetic research in NS has studied families with SRNS in order to discover rare mutations in single genes that cause this disease [13] . Rare, single nucleotide variants (SNV) ("mutations") that, when present, cause SRNS have been found in more than 20 genes [6] . While greatly impactful for those affected, known monogenic forms of NS represent the minority of cases in NS. This is particularly true of those sporadically affected and with an older age of onset [31, 32] . The spectrum of monogenic SRNS, and the various biological insights and clinical correlates associated with this NS subtype are comprehensively covered elsewhere [32, 33] . Here, we will discuss studies that examine known SRNS genes in novel ways.
Next-generation sequencing (NGS) technologies allow investigators to economically sequence panels of known monogenic SRNS genes in disease cohorts. This approach was recently done in subsets of patients from two Europeanbased NS cohorts, the United Kingdom (UK) SRNS in Childhood Study [34] and PodoNet [31] . In the UK study, NGS was recently used to sequence, in parallel, 24 known SRNS-causing genes in a cohort of 36 sporadically affected children with congenital NS and SRNS. Bioinformatics-based functional prediction revealed that 70 % of children with familial disease and 15 % of sporadic cases had a definitely or probably pathogenic variant identified. PodoNet reported sequencing results of WT1, TRPC6, ACTN4, INF2, and NPHS2 in 227 adolescents (age 10-19) with sporadic or familial SRNS. They reported that 43 % of those with familial disease had a causal mutation in one of these genes while only 10 % of those with sporadic disease did. Ongoing phenotypic analysis of these patients will help to define the clinical impact for those who have monogenic SRNS. This could help guide decision-making, especially as it relates to choice of pharmacotherapy.
Groups have also studied whether there are also more common variants within known SRNS genes that can increase the risk of NS in a population. This has long been recognized Fig. 1 Schema for integrative genomics of nephrotic syndrome (NS). To define the biologic mechanisms of NS, targeted and genome-scale molecular data is analyzed with histologic and clinical phenotypic data. NS is unique in that genomic data derived from kidney tissue and urine allows the study of cells and fluids directly impacted by this syndrome. A mechanistic understanding of NS allows us to identify functionally homogenous subtypes of NS, more accurately predict outcomes, and illuminate targets for precision intervention with the R229Q variant of NPHS2 [35] . This polymorphism is present in ∼3 % of the European-American population, but can contribute to monogenic SRNS when present in compound heterozygosity with a rare, deleterious mutation in NPHS2 [22] . As such, the search for more common risk alleles has been undertaken for other known NS genes.
Prenyl (decaprenyl) diphosphate synthase, subunit 2 (PDDS2) is a known monogenic NS gene whose protein is involved in coenzyme Q 10 biosynthesis [36] . A recent targeted association study genotyped nine SNPs in PDDS2 in 377 patients with FSGS or collapsing glomerulopathy and 900 controls [37] . In European-Americans with FSGS, an individual with two copies of a common six-SNP haplotype ("H2") had a statistically significant 5.6x increased risk of FSGS. A recent study investigated African-Americans with nondiabetic end-stage renal disease (ESRD) and APOL1 risk alleles. They sought to discover common variants that statistically interacted with the APOL1 risk alleles to modulate risk for poor kidney outcomes [38] . They identified a common SNP in NPHS2 in African-Americans (minor allele frequency=15 % in population) that interacted with APOL1. When this common SNP is inherited with two copies of the APOL1 risk alleles, individuals have a 50 % decreased risk of ESRD and a decreased risk of proteinuria.
Finally, genome-wide association studies (GWAS) of cohorts of unrelated, affected subjects with NS can discover disease-associated loci. This approach can complement rare variant discovery. GWAS has effectively discovered novel risk loci associated with IgA nephropathy, membranous nephropathy, and proteinuric kidney disease [39] [40] [41] . This has helped illuminate the biology of both of these conditions. GWAS of diabetic nephropathy due to Type 1 and Type 2 diabetes mellitus have occurred in multiple ethnicities, taking advantage of the large sample sizes due to the commonality of this disease [42] . The role of APOL1 variants in African-Americans with FSGS was discovered by secondary analysis of an admixture mapping linkagedisequilibrium genome scan [43, 44] . With sufficient sample size or homogeneity of the outcome tested, GWAS of additional forms of NS or in pediatric populations may identify meaningful risk loci.
However, many biologically relevant pathways or molecules that could be potential biomarkers or therapeutic targets may not be detectable by studies that compare genetic variation to clinical phenotype. Studies of molecular intermediates and their association with clinical outcomes, independent of genetic variation, are also needed to understand the mechanisms of NS. Below, we will discuss NSrelevant studies of some of these molecular intermediates. We can then consider how to relate these NS-associated intermediates to underlying genetic variation. Similar approaches have contributed to our integrated, systems genomics approach to NS [18, 19, 45, 46] .
Transcriptomics
Transcriptomics, also referred to as gene-expression profiling, refers to the study of the sets of RNA transcripts produced in an organism [47] . This can be studied at an organ-(kidney), structure-(glomerulus), or cell-(podocyte) specific manner, and at various developmental and disease states. Efforts have been directed towards genome-wide transcriptional profiling of the glomerulus or podocyte in healthy and disease states.
Cataloguing the cell and tissue-specific transcriptomes Genome-wide expression profiling can define the constituents of a specific transcriptome. Pertinent to NS, transcriptional profiles have been generated for human glomeruli and tubulointerstitium [48, 49] , transformed human podocyte [50] , mesangial [51] , and endothelial [52] cell lines, as well as the podocytes of developing and adult mice [53, 54] . With this information, abundance or rarity of particular transcripts can be quantified. These profiles can also be compared to expression levels in non-kidney tissues [48, 55, 56] .
One novel downstream study used the expression characteristics of known podocyte-specific proteins to predict celllineage specificity of other uncharacterized genes [57] . This in silico prediction tool was able to predict podocyte-enriched transcripts. Together, this information can provide cell-and tissue-specific targets for further investigation [58] .
Classifying glomerular disease though transcriptional profiling
Gene expression profiling can also catalogue transcripts that are differentially expressed among different histologic subtypes of NS. For example, one study generated expression profiles from the glomeruli of 21 patients with biopsy-proven MCD, classic FSGS, and collapsing FSGS. They discovered 316 differentially expressed genes that were able to separate the two forms of FSGS from MCD and normal biopsy tissue [59] . Reich et al. exposed primary human kidney tubular epithelial cells to albumin and discovered 231 genes differentially expressed after exposure [60] . By measuring kidney biopsy-based expression levels of only an 11-transcript subset of these genes, they were able to discriminate cases of IgAN from controls.
Correlations between transcriptional profile and other outcome measures Associations can also be discovered between gene expression and clinical phenotypes such as proteinuria [60] , estimated glomerular filtration rate (GFR) decline over time [48] , cross-sectional eGFR [61] , and steroid responsiveness [62] . For example, an expression profile of 30 genes was derived from an animal model of chronic kidney disease (CKD This approach does not directly translate to a clinical test. However, further work can try to understand why these 30 genes correlate with eGFR. This could illuminate novel biology that is modifiable. In addition, studies could be done to see if a gene expression profile such as this does a better job in predicting endpoints as compared to serum creatinine measurements.
Eight transcripts known to be relevant to podocyte function were measured in glomerular biopsy tissue from 81 patients with glomerular disease. Measuring the ratio of two of these transcripts, podocin and synaptopodin, could distinguish FSGS from MCD [62] . Wiggins and colleagues explored this approach further by profiling podocin, nephrin, and other podocyte mRNAs in urinary cells in patients from the nephrology clinic [63, 64] . They demonstrated a strong correlation of urinary mRNA levels with eGFR, progression of disease, and response to therapy. This relationship was specific to glomerular disease and was not seen in polycystic kidney disease subjects.
In addition to their use as biomarkers, disease-associated transcripts can also illuminate novel biology for downstream bioinformatic or functional analysis. In the study that found 316 genes that were differentially expressed in FSGS vs. MCD, gene ontology analysis was utilized to determine biological pathways specific to FSGS [59] . In FSGS, overrepresented functions were related to "development," "differentiation and morphogenesis," "cell motility and migration," "cytoskeletal organization," and "signal transduction." These processes support our current understanding of the pathogenesis of FSGS and reveal novel pathways for additional exploration.
As mentioned above, a set of 231 genes were differentially expressed in renal tubular cells in response to proteinuria, and a subset of 11 of these genes was found to distinguish proteinuric glomerulopathies from control biopsies [60] . From this 11-gene signature, a transcriptional network was constructed using natural language processing tools. This identified early growth response protein 1 (EGR1) as the central node that linked to the other ten transcripts. This led to examination of the promoter regions of these 11 genes and identified a common EGR1 promoter region upstream of most of the ten genes. This suggests that these genes may be coregulated in tubular cells in response to albumin.
Proteomics
In addition to examining DNA variation and gene expression, investigators have also performed large scale or candidatebased proteomics studies of patients with NS. We will focus here on urinary proteomic studies. Most urine proteomic research has focused on free protein existing in the urine. Biomarkers for acute kidney allograft rejection [65] and diabetic nephropathy [66] have been found. Various methods can be used to remove non-specific proteins, or to enrich for proteins of interest, such as glycoproteins. Urine also contains exosomes (or exosome-like vesicles). These are small, membrane-bound vesicles derived from all epithelial cell types facing the urinary lumen, from podocyte to bladder [67, 68] . Evaluating urinary proteins is a noninvasive way to assess the state of the glomeruli.
Urinary protein profiles from small cohorts can differentiate between nephrotic and control urine, as well as between the urine of those with SSNS versus SRNS [69, 70] . Studies in small numbers of patients have also been employed in the hopes of discovering proteins specific for a whole range of glomerulopathies. This includes IgA nephropathy (IgAN), membranous nephropathy (MN), FSGS, systemic lupus erythematous (SLE), membranoproliferative glomerulonephritis (MPGN), and anti-glomerular basement membrane glomerulonephritis [71] . However, none of these studies have been cross-validated.
Capillary electrophoresis coupled to mass spectrometry (CE-MS) was used in an attempt to classify the urine of subjects as either being healthy or having CKD [72] . More than 1,200 peptides were isolated and analyzed from the urine of 379 controls and 230 patients with CKD of diverse causes. After various filtering steps, 273 peptides were used in a classification model to distinguish controls from those with kidney disease. Replication in an independent cohort with controls and CKD revealed a sensitivity of 86 % and specificity of 100 %.
Glycoprotein enrichment was used to identify glycosylated urinary proteins that differed in six patients with CKD versus six controls. Using liquid chromatography electrospray ionization and tandem mass spectrometry analysis, 23 glycoproteins were found to be differentially expressed in CKD [73] . Using standard gene ontology analyses, the top three biologic processes enriched were "immune-stress response," "acutephase and inflammatory response," and "regulation of hemostasis, platelet degranulation and coagulation."
Major efforts are being directed towards defining the full complement of peptides represented in urinary exosomes and identifying those that can act as biomarkers. One human study of urinary exosomes reported the presence of 1,160 distinct proteins [68] . Many were specific to renal tubular cells and podocytes. A recent study isolated the specific subfraction of exosomes that were glomerular membrane vesicles (GMV). They then analyzed the GMV proteome in seven healthy individuals [74] . Using liquid chromatography and tandem MS, 1,830 proteins were identified. This included known monogenic NS proteins, those known to be involved in glomerular biology, and other novel peptides. In three individuals with glomerular disease, they identified 5,657 proteins. This included a subset of proteins of known importance (NPHS1, TRCP6, PLA2R1), which were not present in GMV of control individuals.
In a targeted manner, investigators measured WT1 levels from urinary exosomes isolated from 25 children with FSGS and SSNS to determine if this could be associated with disease classification or treatment responsiveness [75] . They found significantly elevated WT1 levels in patients with FSGS as compared to both those with SSNS and healthy volunteers. Levels were also significantly decreased in children in remission versus those with active disease.
Future studies examining both candidate exosomal proteins and the whole exosomal proteome in relation to glomerular disease will shed further light on its utility in molecular profiling. The Human Kidney and Urine Proteome Project (HKUPP) as part of the Human Proteome Project has set out to facilitate studies of the human renal proteome in health and disease; see http://www.hkupp.org/ for details.
Epigenomics
The epigenome consists of heritable changes across the chromosome that result in a stably-inherited phenotype without changes in DNA sequence [76] . These changes differ across cell types and in different states of health and disease. Novel methods are permitting investigators to map epigenetic processes in both a genome-wide and targeted manner [76, 77, 78] . We will briefly focus on a few recent, kidney-specific epigenomic studies.
The role of micro-RNAs has been studied extensively in relation to glomerular disease. Multiple studies in animal models have shown that perturbations in miRNA homeostasis can result in glomerular disease, including sclerosis, hypertrophy, collapse of glomeruli, and foot process effacement [79] [80] [81] [82] . A recent study that profiled 754 serum and urine miRNA in 159 children with NS reported that a six-miRNA profile distinguished cases from controls and active disease from remission status [83] . A recent experimental study in mice showed that overexpression of miR-193A results in FSGS [84] . miR-193A levels were then measured from the glomeruli of 90 controls and subjects with glomerular disease. Those with FSGS had statistically significant increased levels of miR-193A as compared to healthy controls and those with non-FSGS glomerulopathy.
Another exciting area of study is defining glomerular-or tubulointerstitial-specific promoters, enhancers, repressors, and transcription factor binding sites. Identifying these functional, non-coding regions of the genome is a first step to understanding how these regulatory regions differ in health and disease-states. Early studies in this area performed genome-wide cytosine methylation studies of kidney tubular tissue of healthy individuals and those with CKD [85, 86] . One of these studies reported that enhancer regions and transcription factor binding sites are differentially methylated in health and CKD. Both reported gene sets that were significantly differentially methylated in CKD versus controls. Future methylation studies of glomerular DNA and genome-wide studies of other epigenetic marks using compartment-specific kidney tissue will further reveal the importance of these processes in NS.
Genomics and histopathology
A histologic classification of NS that integrates molecular information will yield a mechanistic-oriented disease classification. This could result in more accurate diagnostic classification and improved prediction of treatment response [49] . Molecular profiling to complement and improve existing histologic classification schemes has already begun.
Interstitial fibrosis quantification is predictive of outcome in both renal transplantation and native disease [87, 88] . Maluf et al. [89] observed a distinctive gene expression pattern in kidney allografts with tubular atrophy and interstitial fibrosis versus normal tissue. These genes were related to immune response, inflammation, and matrix deposition. Henger et al. [90] demonstrated a gene expression fingerprint separating fibrotic from inflammatory damage in hydronephrotic kidneys. This revealed a stringent correlation with disease progression.
Well-established classification schemes for biopsy analysis of native glomerular diseases [88, 91, 92] and renal transplant [93] exist and are ideal for integration with molecular profiling. Transcriptomic profiling of glomeruli from patients with NS revealed an overrepresentation of differentially expressed genes associated with developmental processes in classic and collapsing FSGS versus normal controls and MCD [59] . This indicates the importance of reactivation of developmental programs in the pathogenesis of FSGS. Thus a gene expression-based categorization of disease will yield a more precise evaluation of the pathogenesis behind the visible histopathologic alterations.
The APOL1 investigation as an example of integrative genomics
Examining current research efforts around APOL1 illustrates how many of the approaches described above can be combined to help elucidate the role of a previously unknown molecule in glomerular disease (Fig. 2) .
In 2010, secondary analysis of a cohort of unrelated, sporadically affected African-Americans with FSGS identified two common, non-synonymous variants within APOL1 that were associated with greatly increased risk of disease [43] . Of note, for a number of compelling reasons, the initial GWAS of this cohort identified MYH9 as the causal gene within this locus on chromosome 22 [44] . Subsequent studies confirmed that it was APOL1 variants that drove this association, and that these variants were specific to those in African ancestry. Over the ensuing 4 years, APOL1 has been studied from multiple perspectives. The clinical impact of these variants has been studied on a patient and population level. Work is ongoing to gain a deep understanding of the biologic mechanisms underlying its pathogenicity in NS.
From a clinical epidemiology perspective, this association was subsequently replicated in other populations of AfricanAmericans with FSGS, with even stronger associations seen in HIV-associated nephropathy (HIVAN) [94] [95] [96] . Early studies in the transplant population indicate that the increased risk of FSGS follows the kidney from the APOL1 risk allelepositive donor rather than being driven by the risk allele status of the recipient [97, 98] .
Plasma levels of APOL1 are not found to correlate with CKD [99] . This further suggests an intra-renal effect of APOL1. Finally, a current study analyzed African-Americans with CKD from two existing studies and demonstrated that APOL1 risk variants were associated with worse renal outcomes, independent of the underlying cause of CKD [100] . Fig. 2 Studying APOL1 using integrative genomics. We detail a series of integrative genomics analyses that could aid both in functionally defining APOL1's mechanism of disease association and in measuring its impact on clinical outcomes. This "bottoms-up" analytic approach can be applied to any candidate molecule. eGFR estimated glomerular filtration rate; ESRD end stage renal disease
In parallel are attempts to experimentally dissect the biological mechanisms underlying the association of APOL1 with NS. APOL1 has been localized only to the podocyte in the glomerulus, the proximal tubule epithelium, and the arteriolar endothelium [101] . It has similar distributions in health and disease independent of the known risk variants. A question remains as to what extent APOL1 is transcribed in the kidney versus being taken up from glomerular or arteriolar filtration. The fact that the APOL1 gene is unique to humans and a few non-human primates has hindered the community's ability to use animal models for functional characterization. However, efforts to develop suitable experimental systems are ongoing.
Thus, harnessing existing and novel data from diverse sources has permitted us to rapidly gain knowledge of the impact of APOL1 on NS and to experimentally study the molecular function of APOL1 in the kidney. This strategy for APOL1 can generalized moving forward for other candidate molecules. Embedding these methods within a longitudinal study of individuals with NS can enhance the clinical relevance of an integrated genomics approach to NS.
The nephrotic syndrome study network (NEPTUNE)
In this review, we have highlighted targeted and genome-wide studies that are defining molecular subtypes of NS that share particular biological mechanisms or clinical behavior. Some caveats to many of the findings described thus far is their relatively small sample size, lack of replication in independent cohorts, and cross-sectional nature of the findings. This is due, in part, to the early stage of many of these technologies and the relative rarity of these conditions. In addition, the prospective collection of well-phenotyped patients with paired biosamples is financially and logistically challenging. The establishment of the Nephrotic Syndrome Study Network (NEPTUNE) can aid in addressing these challenges through integrative molecular profiling in a large, prospective cohort [102] .
NEPTUNE is one of 17 Rare Disease Clinical Research Networks funded by the National Institutes of Health (NIH) Office of Rare Disease Research. Its major objective is to establish a collaborative, integrated, cost-effective investigational infrastructure to conduct prospective clinical and translational research in incident patients with suspected FSGS, MCD, and MN. Each subject recruited undergoes a renal biopsy as part of their clinical evaluation for fixed proteinuria and has an extra core collected for research.
A core concept of NEPTUNE is that the clinical heterogeneity observed in primary NS is a result of it being a molecularly heterogeneous syndrome currently grouped together based on common histopathologic findings. NEPTUNE hypothesizes that discovering and studying NS-associated molecular markers will allow us to move away from solely histopathologic-based diagnoses. By molecularly defining this disease, improved care can be achieved through increased precision.
Currently made up of 21 clinical centers in the United States and Canada, NEPTUNE has enrolled 528 patients as of Jan 1, 2014. From each enrolled patient, blood, renal biopsy tissue, and urine, along with highly detailed demographic and clinical data, is being collected. Patients are followed over a minimum of five years. The primary outcomes are change in urinary protein excretion and change in renal function. Clinical investigators utilize traditional epidemiologic approaches to better understand NS. Randomized control trials can leverage the clinical research infrastructure of NEPTUNE.
The collection of a research renal biopsy core is one of the more unique features of NEPTUNE [103] . This allows stateof-the-art digital histopathology, tissue-and disease-specific molecular profiling, and immunohistochemistry to be performed. This is then integrated with clinical and other genomics data from the same individual. Gene expression data is generated in a tissue compartment-specific manner (Affymetrix and RNA-Sequencing (RNA-Seq)). RNA-Seq uses NGS technology and allows detection of common and rare transcripts on an isoform-specific level [47] .
An integrated systems biology approach is applied to genomics and clinical data to identify biomarkers that: (1) can group patients into specific subtypes, and (2) correlate with the primary outcomes. Currently, exome chip genotyping, whole genome sequencing at 4× depth, and deep exonic sequencing of 20 known monogenic FSGS genes and ∼2,500 expressed in the podocyte are being performed on the enrolled subjects. Expression quantitative trait loci studies using biopsy tissue allows for identification of gene expression changes associated with genetic differences in subjects with NS. In addition, direct association studies between genomic variants and clinical outcomes are studied.
Transcriptomic, proteomic, and metabolomic data will also be collected from blood and urine samples. Urinary transcriptomic data will allow investigators to determine whether these non-invasive measures of gene expression are as effective in predicting outcome as intra-renal gene expression. Proteomic and metabolomics data will enable investigators to define correlations between gene variation, gene expression, protein expression and clinical parameters.
The creation of NEPTUNE is, in part, an actualization of the many large-scale molecular investigations that have been described above. NEPTUNE's goal is to establish these data and sample sets to serve as a resource to the NS research community. Data and samples are accessed by a broad spectrum of ancillary studies. See www.neptune-study.org for details on access.
Conclusion
To improve the health of these patients living with NS, we are challenged to discover and characterize novel molecules and pathways critical to its pathogenesis and natural history. Integrative genomics is poised to fit in well with established investigative approaches (e.g. molecular biology, mouse genetics, clinical epidemiology) to achieve this. In the future, we may be able to use these molecular signatures in classification schema for our patients. They may be based on genetic variation, up-or downregulation of specific signaling pathways or networks, or epigenetic changes. Given that these classifications would be based on a greater biologic understanding of disease, defining patients in this way could improve the specificity and precision of our diagnoses and treatment plans. The infrastructure of NEPTUNE and its large group of investigators of diverse expertise forms a starting point to pursue this particular strategy.
Questions (answers are provided following the reference list) 
